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Abstract

Radial jet mixing of pure air into a fuel-rich, reacting

crossflow confined to a cylindrical geometry is addressed

with afocus on establishing an optimal jet orifice geometry.

The purpose of this investigation was to determine the

number of round holes that most effectively mixes the jets

with the mainstream flow, and thereby minimizes the
residence time of near-stoichiometric and unreacted

packets. Such a condition might reduce pollutant formation

in axially staged, gas turbine combustor systems. Five

different configurations consisting of 8, 10, 12, 14, and 18

round holes are reported here. An optimum number of jet
orifices is found for a jet-to-mainstream momentum-flux

ratio (J) of 57 and a mass-flow ratio (MR) of 2.5. For this

condition, the 14-orifice case produces the lowest spatial

unmixedness and the most uniformly-distributed species

concentrations and temperature profiles at a plane located

one duct diameter length from the jet orifice inlet.

Nomenclature

DR jet-to-mainstream density ratio

d orifice axial height, or round hole diameter

favg average planar jet mixture fraction derived from
carbon mass fraction

fv_ planar jet mixture fraction variance

J jet-to-mainstream momentum-flux ratio = (pV2)jets /

(pV2)main

MR jet-to-mainstream mass-flow ratio
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n number of round holes in quick-mix module

R radius of the quick-mix module

r radial distance from the module center

Tj_ average jet air temperature

Tmain average mainstream temperature

U s spatial unmixedness

V_f reference velocity

x axial distance from leading edge of orifice

Y mass fraction of carbon

equivalence ratio = (fuel/air)_a_/(fuel/air)stoichiometn c

Introduction

Some processes involved in the injection of fuel and in

the control of exhaust temperature rely on jet mixing with

a crossflow of gas to mix streams of fluid. One particular

application in which jet mixing in a crossflow plays a
fundamental role is the Rich-burn/Quick-mix/Lean-burn

(RQL) combustor. The success of this combustor in

producing lower emissions than conventional gas turbine
combustors depends on the effectiveness of the mixing

section bridging the fuel-rich and fuel-lean stages of

combustion. In this combustor design, the jets of air

introduced into the quick-mix section should mix with the

rich reacting crossflow as quickly as possible to bring the

reaction to an overall lean equivalence ratio. It is

Copyright © 1998by the American Institute of Aeronautics and Astro-
nautics, Inc.No copyright isasserted in the United States underTitle 17,
U.S. Code. The U.S. Government has a royalty-free license to exercise
all rights under the copyright claimed herein for Governmental Pur-
poses. All other rights are reserved by the copyright owner.
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hypothesizedthat mixing must occur in order to prevent

the formation of hot pockets of fluid in the flow which in

turn produce the high temperatures that drive pollutant
formation.

A previous study by the authors 1 involved the

construction of a facility which handled reacting tests in a

cylindrical crossflow configuration. A particular jet orifice

geometry, the 10 round hole case, was tested to explore the

types of information that could be gathered from the

experiment. The current study expands upon this initial

work by addressing whether, for a given inlet condition,

the orifice geometry can be optimized to mix pure air jets

into a rich crossflow rapidly and uniformly to complete

the reaction process.

Background

Until recently, nonreacting experiments have been

employed as a convenient tool to explore the mixing of air
jets into a reactive cross stream. The primary goal of these

studies was to determine orifice configurations that lead to

optimal mixing within a specified duct length. In a

cylindrical duct geometry, experimental surveys of the

effect of the jet-to-crossflow momentum-flux ratio and

the shape, orientation, and number of orifices on mixing

have been performed in order to gain a mechanistic
2

understanding ofjet penetration and mixing dynamics. A

systematic optimization scheme on experimental data has

been undertaken to determine the round hole configurations

leading to optimal mixing at various momentum-flux
ratios. For jet-to-mainstream momentum-flux ratios of 25

and 52, the number of round holes leading to optimal
mixing have been l0 and 15, respectively. 3

While extensive nonreacting jet mixing studies 4-9

have been performed, research into reacting flows has

been limited. An initial reacting flow experiment studied

the flowfield of a row of jets mixing with rich reacting
gases confined to a cylindrical crossflow. 1 The work

presented here continues the reacting flow investigation

by using the diagnostic and analysis techniques developed

in the previous study to determine an optimum round hole

configuration. The objectives for this study are to obtain

an orifice configuration leading to optimal mixing, and to
determine a correlation between mixing and the achieve-
ment of desired outlet conditions.

Experiment

The facility consists of a rich product generator and a

jet-mixing section (Fig. 1). The rich product generator

mixes propane gas with air upstream of the ignition point.
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Combustion occurs in a zone stabilized by a swirler. To

dissipate the swirl in the flow and to introduce a uniform

nonswirling flow into the jet-mixing section, the rich
product is passed through an oxide-bonded silicon carbide

(OBSiC) ceramic foam matrix (Hi-Tech Ceramics) with a

rated porosity of 10 pores/in.

The jet mixing section is comprised of a modular

quartz section to which jet air is supplied from the

surrounding plenum. The plenum is fed by four equally-

spaced, individually-metered air ports located toward the

base of the plenum. A high-temperature steel flow

straightener installed in the plenum conditions and equally

distributes the jet air entering the mixing module.

The quartz modules are 11 in. in length and have inner
and outer wall diameters of 3.0 and 3.3 in. The row of

orifices is positioned with its centerline 4.5 in. downstream
from the module entrance. An alumina-silica blend of

ceramic fiber paper provides sealing between the quartz
module and the stainless steel mating surfaces. The modules

tested were the 8-, 10-, 12-, 14-, and 18-orifice

configurations. The 10-round hole module results were

previously discussed in by Leong, et al. 1

Measurement Protocols

Temperature and species concentration data are

obtained in a sector grid for six planes (Fig. 2(a)) for each

module. With respect to the leading edge of the orifices,

the planes are located:

Plane Position x/R

1 One module radius upstream -1

2 Orifice leading edge 0

3 One-half of the orifice height (d/2)/R

4 Orifice height d/R
5 One module radius downstream 1

6 Two module radii downstream 2

Each planar grid consists of 16 points spread over a

re#on that includes two orifices (Fig. 2(b)). The points

include one point located at the center, and five points

along each of the arc lengths ofr/R = 1/3, 2/3, and 1. The

points along each arc are distributed such that two points
are aligned with the center of the orifices and three are

aligned with the midpoint between orifice centers.

The same water-cooled probe is used for both

temperature and species concentration measurements.

For temperature measurements, atype B platinum-rhodium

thermocouple is threaded through the sample extraction

tube and positioned such that the junction extends 0.1 in.
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beyondtheprobetip.A computerprogramrecordsand
returnsanaverageof100readingsafteraspanof20sec.

Speciesconcentrationmeasurementsareobtainedby
routingthesamplethroughaheatedlineconnectedtothe
emissionanalyzers.Wateris condensedfromthegas
beforethesampleisanalyzedbynondispersedinfrared
(NDIR),paramagnetic,andflameionizationdetection
(FID).A dataacquisitionprogramreads100samplesin
20secandreturnsanaveragedquantity.Theuncertainty
intheanalyzermeasurementofthespeciesconcentration
is1percentofthefull scalereading.

Thejetmixturefractioncalculationisbasedon the

carbon atom mass fraction, since carbon is conserved

throughout the reaction. The carbon mass fractions are

obtained by solving a system of equations using the species

concentration data as inputs to obtain the wet mole fractions

of the major combustion product species. The basic

calculation procedure followed that outlined by Jones,
et al. 10

In order to determine the round hole configuration

leading to the most uniform mixture of chemical species

at the different planes, a normalized standard deviation

parameter called spatial unmixedness U s is used. The

parameter is defined as

fvar

U S - favg(l_ favg )
(1)

where favg refers to the fully-mixed average jet mixture
fraction value specific to each plane and fvar refers to the

planar area-weighted variance deviating from favg" US
values are bounded between 0 and l, with the former

corresponding to a perfectly mixed system and the latter
referring to a totally unmixed system. 9

TABLE L---OPERATING CONDITIONS

Parameter Value

Ambient pressure (atm)

Rich equivalance ratio 0

Overall ¢#
T.m (°F)
T(°F)
V (ft/sec)
Momentum-flux ration J
Mass-flow ratio MR

Density ratio DR

1

1.66

0.45

2200

340

60

57

2.5

3.3

The experiments are performed with jet-to-mainstream
momentum-flux ratio J of 57. The total effective area of

1.40in. The ratio of the totalthe mixing module orifices is 2
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effective jet area to cross-sectional area is 0.18. Operating

conditions for the experiment are noted in table I.

Results and Discussion

Measured temperature and species concentrations at
the rich inlet crossflow Plane 1 showed near-uniform

distributions for each module tested. The average

temperature measured was 2200 °F with a 1 percent

uncertainty, while the average concentrations of 02 , CO,

and CO 2 across all the modules were 0, 12.5; and
5.25 percent; respectively, with an 0.1 percent uncertainty.

Because of the uniformity in the measured data,
distributions at Plane 1 are not included in the figures

showing the spatial evolution of the flowfield
measurements.

Jet Penetration and Reaction

Temperature Profiles. In combustor design, the

attainment of a short combustor length is desired in order

to maintain the compactness of the engine. For the RQL

configuration, it is thus preferable to attain complete

mixing within a minimal length. Non-reacting studies

performed by Hatch, et al. 2 and Kroll, et al. 3 utilized a

mixing length corresponding to one duct radius as an

arbitrary reference plane of comparison. However, in initial
reacting tests performed on the system, 1 it was shown that

the reaction continues beyond the distance equivalent to
one duct radius. Therefore, for the basis of this comparison

between the five mixing modules, optimal mixing and

reaction is determined within one duct diameter (or two

duct radii) of the jet entrance (i.e., at Plane 6).

Figure 3 shows the evolution of temperature-related

profiles for all the cases tested. The temperatures are

normalized with respect to the area-weighted average
value obtained at Plane 1 in the rich zone. Note that, because

temperature is not a conserved scalar in a reacting flow, it
is possible to attain temperatures that are greater than inlet
values.

In each of the cases tested, cooler wall temperatures

exist at the orifice leading edge at Plane 2. Heat loss occurs

near the wall region as heat is transferred from the mixing

module out through the wall, which is cooled by the air in

the jet plenum feed. The jet fluid enters the module by

Plane 3, which is positioned at the orifice center, and is

denoted by the blue and green temperature bands
representing cooler fluid in the flow.

By the orifice trailing edge at Plane 4, all the jet fluid

has entered the crossflow. The range of higher normalized

temperature bands above 1 is nearly absent in the 8 round

3
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hole case as the jet fluid enters and disperses across the

entire sector. Increasing the number of holes decreases the

jet penetration and allows more of the reacting crossflow

to pass through the center of the module.

Between the orifice region and the one radius mark at
Plane 5,jet fluid mixing and reaction leads to a stratification

of temperature ranges for all the modules. The occurrence

of the lower temperature bands vary with respect to the

number of orifices. The 8-orifice case shows green bands

corresponding to 60 to 80 percent of the initial reaction

temperature occurring in the core region. This trend is also

present farther downstream at the two radii position at

Plane 6, where the low normalized temperature range

persists in the core. The 10-orifice case shows similar traits
to the 8-orifice case, but to a lesser extent. In the 12-orifice

case, temperatures across both Planes 5 and 6 range from

80 percent to over 100 percent of the initial temperatures.

At Plane 6 the higher band of temperatures occurs along

the wall region, as in the 8- and 10-orifice cases. On the

other hand, the 14- and 18-orifice cases both yield lower

temperature bands near the mid-radius at Plane 5. The

subsequent mixing and reaction for the 14- and 18-orifice
modules lead to a temperature distribution at Plane 6 in

which the higher bands are located toward the core. The

14-orifice case also shows the persistence of a thin red

higher temperature band at the wall.

Overall, the results show that increasing the number

of orifices decreases the jet penetration. The 8-orifice case

produces a case with jet overpenetration that results in a

hot wall region and a cooler core region. The 10- and

12-orifice cases produce similarresults that are less extreme
than those from the 8-orifice case. The 14- and 18-orifice

cases, however, produce a reverse stratified distribution of

a hotter core region and a cooler wall region typical of jet

underpenetration. Figure 4 illustrates this point with a plot
of the axial profile of the centerline temperature ratios for

each module. For all the modules, the centerline

temperature remains nearly constant upstream of and in

the immediate orifice region. Jet penetration to the

centerline is indicated by a dip in the temperature relative

to the initial rich reacting temperature. Jet overpenetration,

denoted by the persisting presence of cooler jet fluid by
Plane 5, can therefore be foundin the 8-, 10-, and 12-orifice
cases. The 14- and 18-orifice cases show centerline

temperatures that are at or above their initial plane values

and suggest either optimally-penetrating or under-
penetrating jets. The number of round holes affects the

degree of penetration: as the number of orifices is increased

from 8 to 18, jet penetration transitions from over- to

underpenetration.
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Species Concentration Profiles. The effect of the

number of orifices on jet penetration is also illustrated in

the 02 distributions of Fig. 5. The jet trajectory can be

defined by the locus of points showing maximal 02
concentration as a function of distance, since the

mainstream contains no oxygcn.

By the orifice trailing edge, all of the jet fluid should
have entered and been accounted for in Plane 4. The sector

cross-sections show a larger bulk of jet fluid occurring per
orifice in the 8-orifice case and a successive decrease in

bulk jet fluid per orifice as the number of orifices increases.

This decrease in mass flow per orifice is attributed to the

decrease in area per orifice, because the jet velocity
through each orifice is constant for all five configurations.

As the mass-flow of each jet decreases, the interaction

between adjacent jets increases and jet penetration into the

crossflow subsequently diminishes.

Plane 5 shows stratified 0 2concentration distributions
which give an indication of the jet mixing quality for each

orifice configuration. For the overpenetrating 8-, 10-, and

12-round hole cases, reaction as seen by a decreased 0 2
concentration occurs beyond Plane 5 but is not as substantial

as the further reaction that occurs beyond this plane for the

underpenetrating 14-and 18-orifice cases.

High jet penetration causes fluid impingement at the

centerline in the 8-orifice case and results in a large

concentration of 02 in the central core. This condition

confirms that the 8-orifice module is an overpenetrating
case which is undesirable because the oxygen tends to

accumulate in the center rather than disperse, mix, and

react with the crossflow. Overpenetration also leads to

less reaction since the accumulation of jet fluid in the

center decreases the area of the jet-crossflow interface and

consequently, the promotion of reactant interaction. The

10- and 12-orifice cases also exhibit overpenetration as

the jet trajectory intersects with the centerline by Plane 6.

The 14- and 18-orifice cases produce jet trajectories

that do not penetrate to the center by Plane 6. Without jet
impingement, a more lateral spreading of jet fluid, as

evidenced by the smaller range distribution of oxygen

concentration values across the mixer radius, is achieved.

As with jet overpenetration,jet underpenetration decreases

the maximal jet-mainflow surface area of reaction because

a portion of the jet fluid is bounded by the wall of the

module. Jet underpenetration allows the rich reaction

products to exit the module without completing the
combustion process, which is undesirable. In the 14-orifice

case, a larger jet surface area exposed to the crossflow
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accelerates jet dispersion and reaction such that more of

the rich mainstream flow reacts with rather than bypasses

the jets. The 18-orifice case approaches an under-

penetrating jet condition as more of the rich crossflow

passes through the core region.

The experiment was designed to transition from a

=1.66, fuel-rich section (Plane l)toa 0 =0.45, fuel-lean

section (Planes 5 and 6). The equivalence ratio profiles in

Fig. 6 serve as a guide in determining the extent to which

the flow achieves the lean design condition. The crossflow
entering at Plane 2 consists of a uniform rich flow at

_b= 1.60. By Plane 5, the equivalence ratios are distributed

in stratified ranges. At this plane, the 8-, 10-, and 12-orifice
cases show near-stoichiometric contours in the wake of

the jets while the 14- and 18-orifice cases show rich

effluent in the core. By Plane 6, the flowfields show the

attainment of overall lean equivalence ratios for all cases.

However, near-stoichiometric equivalence ratios between

0.9 and 1.0 occur along the wall for the 8-, 10-, and
12-orifice cases, and at the core for the 18-orifice case.

Where the stoichiometric fuel-air equivalence ratios occur,

corresponding regions of higher temperatures are found

(refer to Fig. 3). Recall that higher temperatures occurred

along the wall in the 8-, 10-, and 12-orifice cases and in the
core for the 14- and 18-orifice cases. The transition from

higher temperatures from the wall to the cylindrical
crossflow core occurs between the 12- and 14-orifice cases.

Spatial Unmixedness

Figure 7 shows the planar spatial unmixedness U S
values derived from the jet mixture fractions at each plane.
By Plane 4, which is positioned at the trailing edge of the

orifices, all of the jet fluid has entered the crossflow, and

the spatial unmixedness in the flowfield can be assessed.

At this plane, the spatial unmixedness value varies between

a low of 0.57 for the 8-orifice case and a high of 0.73 for

the 12-orifice case. Downstream of the jet orifices, the

subsequent mixing of the jets and the crossflow reduces
the Us values to levels under 0.20. At Plane 5, the 8-orifice

module exhibits a spatial unmixedness value of 0.19 that

is relatively higher than those for the rest of the modules.

As the number of orifices increases from 12 to 18, the U s
values decrease from 0.14 to 0.12.

The U s values show an overall reduction from the
values in Plane 5, but the same trend in the relationship

between the U S values and the number of orifices seen in

Plane 5 recurs in Plane 6. The 8-orifice module, with a U S
value of 0.11, continues to show a higher spatial

unmixedness value than do the other cases. The spatial
unmixedness continues to decrease as the number of

orifices increases up until the 14-orifice case. For this

configuration, the U S value obtained is 0.026, which is
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identical to the value calculated for the 18 orifice case. The

spatial unmixedness values give an indication of the

extent of mixing occurring between the rich crossflow and

the air, but not of the degree of reaction between the two

streams. From the temperature profiles in Fig. 3 and the

equivalence ratio profiles in Fig. 6, it appears that
somewhere between the 12 and the 14 round hole cases the

most desired combination of lower overall temperatures

and leaner equivalence ratio fields occurs. The 18-orifice

case produces a low spatial unmixedness value because of

the faster dilution of the jets, but the underpenetrating

nature of the jets for this case causes a hot core of near

stoichiometric reacting fluid to persist in the lean reaction

region. Hence, of the 14 and 18 round hole cases showing

the lowest U s values, the 14-orifice case produces the

optimal case of good overall mixing and reaction.

Optimum Number of Round Holes

For cylindrical crossflow geometries, several

investigations have determined a jet penetration depth that

leads to better mixing. In a numerical study p_rformed by

Talpallikar, et al., 11 results suggest that optimal mixing

occurs when the jet penetrates to the mid-radius. Kroll,

et aL 3 infers from non-reacting experimental results that

optimal mixing occurs when the jet penetrates to the

radius that divides the mixer into an equal core and annular

area, or at a radial distance 30 percent from the wall. For

the cases tested, the jet trajectory (indicated by both

oxygen and temperature profiles) intersects Plane 5: (1)
beyond the midradius from the wall for the 8- and I 0-orifice

cases, (2) approaches but is beyond the mid-radius for the

12-orifice case, and (3) lies at a point before the mid-radius
and toward the wall for the 14- and 18-orifice cases. The

Talpallikar, et at. criterion supports the 12-or 14-orifice

cases as candidates producing jet penetration that promotes

the best mixing while Kroll, et al. data support the 14- or

18-orifice case as being the optimal configuration.

The number of round holes leading to optimal jet

penetration can be predicted by an empirical relation
developed for nonreacting jets injected into a subsonic

cylindrical crossflow. The relation from Holdeman 4

suggests that the appropriate number of orifices n that will

lead to optimal penetration may be determined by the

following Eq. (2):

n = -- (2)
C

where J is the jet-to-mainstream momentum-flux ratio,

and C is an empirical constant that equal to 2.5 for optimal
mixing of a single row of round holes. Note that this

relation includes the assumption that the "optimum"
spacing for a rectangular duct applies at the radius that
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divides the can into equal-area cylindrical and annular

sections. 4 In the reacting experiment where J = 57, the

equation yields an optimal configuration of 13 orifices.

This calculation corroborates the designation of the

14-orifice case as the optimal reacting case tested, but also

suggests that distributions of an even higher, if not

comparable, uniformity may be attained for a 13-orifice

configuration.

Round hole optimization tests under nonreacting

experiments show similar results. At a momentum-flux
ratio of 52, Kroll, et al.3 found that the 15 round hole case

exhibited optimal mixing. However, the bracketing

configurations tested in that experiment were the 12- and

18-orifice cases, which opens the possibility that the 13-

or 14-orifice case may show more improved mixing.

Nonetheless, the results show a possible correlation
between the nonreacting and reacting tests that should be

explored in future tests.

Summary_ and Conclusions

An experiment was performed to provide a test bed

for the study of jet mixing in a uniform, nonswirling, rich

reacting environment. In this demonstration, it was possible

to compare the jet trajectory, reacting, and mixing processes
for five round-hole configurations.

For a set momentum-flux ratio J = 57 and mass-flow

ratio MR = 2.5 it was found (under atmospheric conditions)
that:

When jet penetration increases beyond optimal as

in the 8-orifice case, the jet mass gravitates to and
accumulates in the central core of the mixer rather

than dispersing laterally throughout the radius of
the mixer.

When jet penetration decreases beyond the optimal

point such as in the 18-orifice case, a hotter core of

fluid bypasses the jet region without completing
the reaction toward the desired fuel-lean state.

• The bulk of jet reaction and mixing occurs before

the x/R = 1 plane.

Considering both mixing and completeness of

reaction, the 14-orifice module, which exhibits jet

trajectory penetration before the mixer half-radius,

appears to be the best configuration tested. Good

mixing and reaction leads to the attainment of a

uniform mixture at the desired lean equivalence

ratio. A goal of the mixing section is to achieve low

AIAA-98-0156

spatial unmixedness values as close to the orifice

region as possible, although, as pointed out in

Refs. 5 and 6, one must also peruse the corresponding

distributions to avoid identifying an inappropriate
choice as "best."
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